proposed sensor exhibited a linear electrochemical response within a wide pH range of (2-11).
Introduction
The monitoring of the pH is extensively required in laboratories, clinics and industries, as many chemical processes are pH dependent. Therefore fast, accurate and reliable pH measurements are important in many applications [1, 2] . There are many different pH measurement techniques and the most common approaches that exploit oxides as pH-sensitive layers are the potentiometric [3] , ion sensitive field effect transistors [4] , and conductometric / capacitive [5] . In these techniques potentiometric approach is mostly used because it is less complex in fabrication and has been used over a longer period.
Cupric oxide (CuO) is an important p-type metal oxide semiconductor with narrow bandgap (1.2 eV), and has been investigated as an attractive material due to its plentiful unique characteristics [6] [7] [8] . The synthesis of the CuO nanostructures is very important for several applications [9] [10] [11] [12] [13] . The pH of the solution is very important parameter for growth of CuO nanostructures, and by varying the pH various shapes were obtained [14, 15] . CuO nanostructures have unique advantages including high specific surface area, chemical stability, electrochemical activity, and high electron communication features [16] . Owing to its exceptional electrochemical activity and the possibility of promoting electron transfer at a low potential, nanostructured CuO is a good candidate for sensing application [17] [18] [19] [20] [21] [22] .
In this letter we report the fabrication of newly developed CuO nanoflowers (NFs) pH sensors. The effect of the pH on growth morphology of the CuO nanostructures was studied by changing the pH of the solution. The fabricated pH sensor shows a linear response for the electrochemical potential difference for a large dynamic range of pH (2 -11) . It exhibited good potential stability and fast time response. Moreover the developed sensors can work efficiently in small volumes.
Experimental details
The CuO NFs were grown on the glass substrate. For the synthesis of CuO NFs, 5mM of copper nitrate and 1mM of hexamethylene tetramine (HMT) were mixed in de-ionized (DI) water in a glass vessel. The solution was magnetically stirred for 5 min. Then the reaction vessel containing the substrate was loaded in a laboratory oven at 90 0 C for 4 to 5 hrs. To check the role of the pH on the growth of CuO, the pH of the solution was adjusted from 2 to 11 pH by adding HNO 3 or NH 3 .H 2 O. The morphology and the structural properties of the as grown CuO nanoflowers were investigated by field emission scanning electron microscopy (FE-SEM; JEOL, JSM-6335F) and high resolution transmission electron microscope (HRTEM). The powder X-ray diffraction (XRD) was also measured with an X-ray diffractrometer equipped with Cu Kα1 radiation.
The electrochemical measurements were conducted using two electrode configurations, consisting of CuO NFs as a working electrode and Ag/AgCl as a reference electrode. The response of the electrochemical potential difference of the CuO NFs versus an Ag/AgCl reference electrode to the changes in the buffer was measured for pH ranging from 2 to 11 at room temperature. Three set of samples fabricated identically for pH sensors to check the repeatability and reproducibility.
Results and Discussion

The morphology and structure of CuO NFs
FESEM image reveals the general morphology of CuO nanoflowers (NFs) structure. 
Effect of pH on the morphology of CuO
To study the effect of the pH on the morphology of the nanoflowers, we adjusted the pH from 2 to11, under inherent pH value flower like structure was obtained. NH 3 .H 2 O was added to adjust the pH of the precursor solution from 7 to 11. CuO petals were obtained at pH = 7, and by increasing the pH to 8, 9 and 10 the diameter of the petals were observed to shrink, as shown in moving to nuclei, this gives a chance for nuclei random aggregation, and the next step is that CuO crystal grains starts to grow on these nuclei, which are beneficial for the formation of a flower-like structure, as shown in Fig. 3a . When the NH 3 .H 2 O which is an alkali was added, more OH -may neutralize positive charges in the surface of the CuO, and therefore affect the aggregation [24] . Thus, the CuO nuclei grow slowly and orderly on the previous nuclei, which are beneficial for the formation of only petals like structures, as shown in Fig. 3b . At higher pH = 11, the OH -concentration is increased and will enhances the growth on specific crystal face of the structures, and side branches of petals are grow rapidly and form a AV like structure. One possible reason may be due to the higher OH -concentration which creates diffusion layers on certain surfaces of the CuO nanostructures. This may produce additional anisotropy, allowing only energetically favorable crystallographic planes to grow [25] . The other possible reason is the electrostatic attraction between the individual CuO petals resulting in strong binding between them [26] . At lower pH we did not get any growth at this specific time, and this may be due to less OH -in the solution. At this low concentration of OH -, CuO nuclei will not be formed.
Electrochemical measurements
The electrochemical pH response of the CuO nanoflowers in Fig. 4a To check the output response, stability, and repeatability of the electrode, the sample was tested three to four times in an PBS buffer saline with pH ranging from 2 to 11, the result is shown in Fig. 4b . It was observed that the CuO NFs showed stable potentiometric response, excellent reproducibility, and good sensor stability. Figure 4c shows the output voltage versus time for the fabricated working electrode at a specific pH. The fabricated electrochemical sensor is repeatable and stable with time to reach a stable signal of around 25 seconds of detection which shows relatively fast electrochemical reaction between the CuO NFS and the pH but slightly lower than the other pH sensors. This may be due to the reason that the response time is mostly affected by the porous properties of the sensing material. The buffer pH solution needs to accumulate in the liquid in the pores of the CuO NFs in which the pores increases the response time [28] . Since the CuO NFs sensors are porous, so the sensor response is slightly slower. After the potentiometric measurements, the sample was checked using the amperometric electrochemical technique. The output signal was linearly dependent on the pH range from 2-11 when applying a constant bias potential of 0.1 V. Hence the interaction between the CuO NFs and the pH buffer solution generated an amperometric output signal. The current is changed when the pH buffer solution is modified. Figure 5 depicts the calibration curve of the current versus pH. There is different pH sensing mechanism theories for metal oxide nanostructures pH sensors. Surface chemistry of metal oxide tends to control their charging behavior. In water, surface chemistry of hydrous metallic oxides develops through protonation-deprotonation of water molecules bonded to surface metal ions (Eqs. (1) and (2)):
(where M stands for the metal ion and ≡MOH represents the amphoteric electroneutral surface groups at surface sites, accounting for the ≡M ability to exchange ligands). The pH dependent charge of an oxide thus results from the speciation of hydroxyl surface groups and the proton transfer at the surface. The portion of the surface charge attributable to specific interactions with OH − and H + ions corresponds to the difference between protonated and deprotonated ≡MOH groups [29] .
In acid solution, it is known that for the hydrogen oxidation at a hydrogen electrode, the electrode potential increases with rising pH. Protons are released by the dissociative adsorption of water and superacid OH groups. In alkaline solution, it is known that for the oxygen reduction at an oxygen electrode, the electrode potential decreases with rising pH. By the dissociative adsorption of water, hydroxide sites are formed and they are bound [27] .
The important parameter for the ion-sensitive layers is the density of surface sites that form the pH-dependent surface potential. CuO NFs as a pH sensor is based on the activity of the electrolyte-NFs/interface, in which the H + specific bonding sites existing at the CuO surface can hydrogenate after contact with the electrolyte solution. This sites can protonate or deprotonate, leading to a surface charge and a surface potential that is dependent on the electrolyte pH.
A Helmholtz layer is developed by the adsorption of the ions or the molecules on the CuO surface, by oriented dipoles, or by the formation of surface bonds between the solid surface and species in the solution [30, 31] .
Conclusions
In conclusion, different CuO nanostructures were obtained under different pH in the growth solution. By increasing the pH of the solution, more OH -is generated which is mainly electrodes were fabricated to check the sensitivity of the CuO NFs for the pH in the range 2 to 11. The potentiometric response of this pH sensor appeared linear in a pH range between 2 and
11. The fabricated senor demonstrated good repeatability and reproducibility. This experiment paves the way for CuO nanostructures to find applications in biological fluids.
